A novel stable isotope tracer method to measure muscle protein fractional breakdown rate during a physiological non-steady-state condition. Am J Physiol Endocrinol Metab 67: E623-E630, 2013. First published January 15, 2013; doi:10.1152/ajpendo.00552.2012.-The measurement of the fractional breakdown rate (FBR) of muscle proteins during physiological non-steady state of amino acids (AAs) presents some challenges. Therefore, the goal of the present experiment was to modify the bolus stable isotope tracer injection approach to determine both fractional synthesis rate (FSR) and FBR of leg muscle protein during a physiological non-steady state of AAs. The approach uses the traditional precursor-product principle but is modified with the assumption that inward transport of AAs is proportional to their plasma concentrations. The FBR value calculated from the threonine tracer served as a reference to evaluate the validity of the FBR measurement from the phenylalanine tracer, which was under a non-steady-state condition due to the concomitant injection of unlabeled phenylalanine. Plasma phenylalanine concentration increased more than fourfold after the bolus injection, and thereafter it decreased exponentially, whereas the threonine concentration remained stable. FBR values were similar with the two tracers [0.133 Ϯ 0.003 and 0.148 Ϯ 0.003%/h (means Ϯ SE) for the phenylalanine and threonine tracers, respectively, P Ͼ 0.05]. In addition, FSR values for the two tracers were similar (0.069 Ϯ 0.002 and 0.067 Ϯ 0.001%/h for the phenylalanine and threonine tracers, respectively, P Ͼ 0.05), indicating that the traditional FSR approach can also be used in the non-steady state. Accordingly, net balance (NB) values were similar (Ϫ0.065 Ϯ 0.002 and Ϫ0.081 Ϯ 0.002%/h for the phenylalanine and threonine tracers, respectively, P Ͼ 0.05). This new method of measuring muscle protein FBR during physiological non-steady state gives reliable results and allows simultaneous measurement of muscle protein FSR and thus a calculation of NB.
MANY ACUTE AND CHRONIC PATHOLOGICAL CONDITIONS (e.g., burn injury, peripheral arterial occlusive disease, cancer cachexia, etc.) result in the loss of skeletal muscle mass (4, 13, 15) . Aging as a process of physiological change in the human body also results in muscle mass loss, known as sarcopenia. As a result of the loss of muscle mass, patients experience a delay in rehabilitation and the return to normal activity. In elderly people, a loss of muscle mass may lead to loss of strength, which can lead to a loss in function (4, 10, 19) and increased risks of falls and injury (21, 27) . Therefore, many studies have been done to evaluate the efficacy of various nutritional and pharmacological interventions with the goal of preserving the muscle mass. For example, ingestion of a balanced amino acid mixture was shown to acutely stimulate muscle protein anabolism (22) , and it has been shown that essential amino acids are primarily responsible for this effect (23) .
The studies described above used an arteriovenous (A-V) balance approach for measuring muscle protein synthesis and breakdown (2) . The A-V balance approach allows one to determine a substrate metabolism across the tissue bed (e.g., muscles in leg or forearm) based on the kinetics of the tracer in the blood from artery and vein that supply and drain, respectively, the tissue of interest and change in concentration of amino acids in the muscle (26) . The original description of this approach assumes that a physiological steady state exists, which we know is not the case following an amino acid drink. The schematic illustration shown in Fig. 1 depicts the changes in the free amino acid pool sizes that occur in the circulation and within the muscle following an amino acid drink. Initially, the drink causes an expansion in the arterial pool, which leads to both increased shunting into the venous pool and increased transport of amino acids into muscle and other cells, which leads to elevated muscle free amino acid levels. The plasma amino acid pool sizes will return toward predrink levels in accord with accelerated uptake. This will cause an increased concentration gradient favoring outward transportation of amino acids from the muscle cell to the circulation until muscle amino acid pool sizes also return to predrink levels. These dynamic changes need to be taken into account when the amino acid and protein turnover are measured using tracer kinetic methods. With regard to the A-V model, it is normally assumed that all amino acid uptake and release of a tracer amino acid such as phenylalanine that is neither synthesized nor oxidized in muscle are due to protein synthesis and breakdown. However, altered rates of transmembrane flux in response to changes in amino acid concentrations as described above can raise questions as to the validity of this assumption. We have reported previously that changes in inward and outward fluxes of phenylalanine can be accounted for in the non-steady state resulting from amino acid intake by means of a correction factor applied in conjunction with the A-V model (16) . Nonetheless, there is always concern that a correction factor may have validity only in the particular circumstances assessed. Furthermore, there are practical limitations to the application of the A-V model in human subjects. Although the A-V approach has proven useful in determining rates of tissue protein synthesis, breakdown, and net balance, interpretation can be limited by the fact that the unit usually includes several tissues.
For example, under normal conditions the leg provides a reasonable representation of muscle metabolism, but in some circumstances the metabolic contribution from nonmuscle tissues (mainly skin) may be significant, such as after a burn injury (3) . Also, the method is quite invasive, requiring the catheterization of both femoral artery and vein. Finally, the required measurement of leg blood flow can be problematic in terms of both obtaining indocyanine green and the variability of the measurement.
We have developed a less invasive approach toward measuring both tissue synthesis and breakdown (and thus net balance) that does not require catheterization of femoral vessels or measurement of tissue blood flow (7, 17, 28) . This approach involves giving a bolus injection of labeled amino acids and taking peripheral blood samples and muscle biopsies. In addition to being less invasive than arterial and venous catheterization, the new approach also has the advantages that the measurement of blood flow is not required and that it is logistically simpler to give a bolus of tracer rather than a constant infusion of tracer. We have found that the new approach generates results that are comparable with the A-V approach (7, 28) under controlled conditions. Nevertheless, this new approach also assumes the presence of a physiological steady state, which would not be expected to apply if one wants to measure the acute response to perturbations such as ingestion of a bolus of amino acids or protein. Therefore, the goal of the present experiment was to modify the bolus tracer injection approach to determine both fractional sysnthesis rate (FSR) and fractional breakdown rate (FBR) of leg muscle protein during a physiological non-steady state. We have assessed the validity of the new approach by comparing simultaneously the FSR and FBR computed by threonine and phenylalanine tracers when a large unlabeled phenylalanine bolus is given. The rationale was that after the bolus injection there was a nonsteady state of phenylalanine kinetics, whereas threonine kinetics remained stable. Thus, the FBR value calculated from the threonine tracer served as a reference to evaluate the validity of the measurement from the phenylalanine tracer, which was under a non-steady-state condition due to the concomitant injection of a large dose of unlabeled phenylalanine. Experimental design. The anesthetic and surgical procedures were described in our previous studies (28) . In brief, after an overnight food deprivation with free access to water, the rabbits were anesthetized with ketamine and xylazine. The hair of the skin on the neck and legs was shaved, and catheters were placed in the right jugular vein and left carotid artery. The venous line was used for infusion of anesthetics and saline. The arterial line was used for collection of arterial blood and monitoring of heart rate and mean arterial blood pressure. A second venous line was placed in an ear vein for bolus amino acid injection. A tracheal tube was placed via tracheotomy. We studied five rabbits. Each rabbit underwent two identical tracer studies on the same day, except that the amount of unlabeled phenylalanine was 30 (low dose) and 50 mg/kg (high dose) for the first and the second studies, respectively ( Table 1 ). The doses of L-[ring-
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13 C6]phenylalanine were 6 and 8.3 mg/kg for the first and the second studies, respectively (Table 1) . After the first tracer study, the rabbits remained anesthetized for 2 h of the "tracer washout period" before the second study.
The infusion protocol is presented in Fig. 2 . After the baseline blood and muscle samples were obtained, a dose of unlabeled phenylalanine was injected intravenously (30 -50 mg/kg) within 30 s , and intramuscular free (M) amino acid pools to an amino acid drink. Initially, the drink causes an expansion in the arterial pool, which leads to both increased shunting into the venous pool and increased transport of amino acids into muscle and other cells, which leads to elevated muscle free amino acid levels. The plasma amino acid pool sizes will eventually return to predrink levels, which will cause an increased concentration gradient favoring outward transportation of amino acids from the muscle cell to the circulation until muscle amino acid pool sizes also return to predrink levels. The inward arrow (toward muscle) represents the "rate of release of amino acids from muscle protein and amino acid synthesis," and the outward arrow (from the muscle) represents the "rate of incorporation of amino acids into muscle protein and irreversible loss" (26) . And since phenylalanine and threonine do not metabolize in the muscle so that there is no amino acid synthesis and irreversible loss, thus these arrows represent incorporation and release of amino acids to and from muscle protein for these 2 particular amino acids. These dynamic changes need to be taken into account when measuring the amino acid and protein turnover using tracer kinetic methods. Values are means Ϯ SE. MAP, mean arterial blood pressure; Phe, phenylalanine; Thr, threonine. Data for rectal temperature, heart rate, and MAP are averages of 3 measurements during the experiments. Unlabeled Phe, Phe tracer, and Thr tracer are the concentrations of unlabeled Phe, Phe, and Thr tracers, respectively (mg/kg), injected during the study periods. N]threonine (20 mg/kg) were injected within 30 s. Arterial blood was drawn at 5, 15, 30, 45, and 60 min, and muscle samples from vastus lateralis were taken at 5, 30, and 60 min after the tracer injection. Plasma was separated from blood by centrifugation and was stored at Ϫ80°C for later analysis. The muscle samples were immediately frozen in liquid nitrogen; afterwards, the samples were stored at Ϫ80°C before later analysis.
Arterial blood pressure, heart rate, and rectal temperature were maintained stable by adjusting the infusion rates of anesthetics and 0.9% sodium chloride as well as a heating lamp. The vital signs were recorded at baseline before the infusion of unlabeled phenylalanine and thereafter every 30 min for the duration of the study.
Sample analyses. To 0.5 ml of plasma, [U-13 C9- 15 N]phenylalanine (70 nmol/ml) and [ 15 N]threonine (250 nmol/ml) were added for calculation of phenylalanine and threonine concentrations; the volume of the internal standard solution of phenylalanine added to each plasma (0.5 ml) was 0.05 or 0.1 ml to account for the decline of unlabeled phenylalanine concentration after the bolus injection; the volume of the internal standard solution of threonine was 0.05 ml. The t-butyldimethylsilyl derivatives of amino acids were prepared from the supernatant of plasma (26) .
Muscle samples were processed as we have described previously (15, 18) . [U-13 C9- 15 N]phenylalanine (25 nmol/ml) and [ 15 N]threonine (65 nmol/ml) were added to the muscle sample at a ratio of 2 and 1.5 l to 1 mg of wet tissue to measure the concentration of intramuscular free phenylalanine and threonine, respectively, in nmol/mg of wet tissue. The samples were homogenized in 100 g/l perchloric acid. The supernatant was separated for measurement of intracellular free phenylalanine and threonine enrichment and concentration. The protein precipitate was further processed to measure muscle-bound phenylalanine and threonine enrichment and content. To measure muscle phenylalanine and threonine content (nmol/mg dry tissue), [U-13 C9-15 N]phenylalanine (1.5 nmol/l) and [ 15 N]threonine (7 nmol/l) were added to the tissue sample at a ratio of 2 l to 1 mg of dry tissue. Afterwards, samples were hydrolyzed with 6 N hydrochloric acid and further processed for t-butyldimethylsilyl derivatives of amino acids.
Calculations. We calculated muscle protein FBR using both the traditional FBR formula (Eq. 1) (3, 7) and a new formula (Eq. 2):
where EM(t) is the enrichment of intracellular free amino acids, EA(t) is the enrichment of plasma amino acids at time t, QM/T is the ratio of free intracellular amino acid pool size to protein-bound pool size.
The new formula was derived with the addition of two new assumptions to the traditional FBR approach, namely that inward transport of amino acids is proportional to the plasma amino acid concentration and that protein breakdown is constant over the time period when the measurement is made. If these assumptions hold, the FBR can be calculated by the following formula (see APPENDIX for derivation):
where EM(t) is the enrichment of intracellular free amino acids, EA(t) is the enrichment of plasma amino acids, CA(t) is the concentration of plasma amino acids, and R(t) is the ratio of bound to free intracellular amino acids at time t. Muscle protein FSR was calculated using the traditional precursorproduct formula (26) :
where EB(t) is the enrichment of bound amino acids and EM(t) is the enrichment of intracellular free amino acids at time t. This approach also assumes that during the sampling interval the rate of synthesis is constant. Net protein balance (NB) was calculated using the following formula:
Statistical analysis. Isotopic enrichments were expressed as tracer/ tracee ratio for FBR calculation and as mole percent excess (MPE) for FSR calculation, as required by the methods (26, 28) . The differences between the measurements calculated by different methods or tracers were evaluated using Student's t-test. Correlation analyses were performed by examining the Pearson product moment. All data are expressed as means Ϯ SE, and a P value of Յ0.05 was considered statistically significant.
RESULTS
The general characteristics of the animals are presented in Table 1 . There were no significant changes in body temperature and heart rate during the tracer studies, and the averages are presented in Table 1 . Mean arterial pressure decreased toward the end of study, and the values were significantly lower during the second study period compared with the first and the baseline values (Table 1) .
There were no differences in measured values of FBR and FSR between the two study protocols; therefore, we present the combined data from both study periods here.
Enrichments (tracer/trace ratio) and concentrations (nmol/ ml) of plasma phenylalanine and threonine during the study are presented in Table 2 . Injection of unlabeled and labeled phenylalanine increased the plasma concentration and enrichment of phenylalanine severalfold. Injection of labeled threonine also increased the threonine enrichment. The plasma concentration of threonine increased from baseline initially by 36%. After the initial increase in the concentration and enrichment, all parameters declined exponentially toward the end of the study, except for the plasma threonine concentration, which remained constant for the duration of the study (Table 2 ). These data, along with the data on intramuscular enrichment (Table 3) , presented as tracer/ tracee ratio and intramuscular concentration of phenylalanine and threonine (Table 4) , and the ratio of free phenylalanine and threonine to protein-bound phenylalanine and threonine (Q/T; Table 4 ) were used to calculate muscle FBR using Eqs. 1 and 2. All of the measurements of the enrichment in a given sample are measured in duplicate. We calculated the coefficient of variation in a given set of samples (study no. 2), and the coefficient of variation between two measurements within this set of samples varied between 0.005 and 0.09. The protein-bound contents of phenylalanine and threonine, to calculate Q/T, were measured in tissue samples of individual rabbits, and the averages for phenylalanine and threonine were 59.3 Ϯ 2.6 and 66.4 Ϯ 2.4 nmol/mg wet tissue, respectively.
Calculated values of FBR are presented in Table 5 . The FBR was calculated using the traditional (Eq. 1) and the modified approaches (Eq. 2) using both phenylalanine and threonine tracers. When the FBR was calculated by the modified approach, the difference between the values derived from the phenylalanine and threonine tracers was ϳ11%. The correlation analysis demonstrated that there was a statistically significant relationship between the FBR measurements calculated by the modified model using the two tracers (r 2 ϭ 0.707, P Ͻ 0.05). When FBR was calculated using the threonine tracer, the difference between the two models was ϳ4% (r 2 ϭ 0.987, p Ͻ 0.05). However, when the phenylalanine tracer was used (when there was a non-steady state of phenylalanine due to injection of unlabeled phenylalanine), the traditional approach gave a value that was 59% lower than the one calculated using the modified approach (r 2 ϭ 0.05, P Ͼ 0.05). This value was also ϳ61% lower than the one calculated by the traditional model using the threonine tracer (r 2 ϭ 0.08, P Ͼ 0.05; Table 5 ). The values of muscle protein FSR, calculated using the traditional direct incorporation approach (Eq. 3) for both phenylalanine and threonine tracers, are presented in Table 5 . The FSR was calculated from data obtained from samples collected 5 and 60 min after the tracer injection, and the data on the intramuscular free and protein-bound enrichment of phenylalanine and threonine are presented in Table 6 . The enrichment data are expressed in MPE. There was a 2% difference between the averages of FSR values calculated using phenylalanine and threonine tracers.
Using FBR and FSR values, we calculated the leg muscle protein NB using Eq. 4, and the data are presented in Table 5 . The average NB calculated by the traditional approach using phenylalanine tracer kinetics was 63% higher (P Ͼ 0.05) than the average NB calculated using the modified approach (Table  5 ). It was also higher by 78 (P Ͼ 0.05) and 76% (P Ͼ 0.05) compared with the values calculated using threonine tracer by traditional and modified approaches, respectively ( Table 5) . The difference between the values of NB calculated by the modified approach using phenylalanine and threonine tracers was ϳ4% (P Ͼ 0.05).
Table 3. Enrichments of phenylalanine and threonine in the muscle
DISCUSSION
Our goal was to develop a stable isotope tracer method to measure muscle protein FBR during physiological non-steady state. We used a bolus injection of unlabeled phenylalanine to develop the physiological non-steady state of phenylalanine and labeled phenylalanine and threonine to assess muscle protein FBR. We performed measurements using both a previously described approach (traditional) (26, 28) , which does not account for the physiological non-steady state, and the new (modified) approach, which accounts for the non-steady state. The results obtained from phenylalanine and threonine tracers using the new approach were significantly correlated (r 2 ϭ 0.707, p Ͻ 0.05), which supports the notion that we have properly accounted for the non-steady state in the free phenylalanine pools. Thus, the new approach gives reliable results and satisfactorily achieves our goals.
The main difference between the new and the traditional approaches is based on two assumptions, namely that the inward transport of amino acids into the tissue is proportional to the plasma amino acid concentration and that the tissue protein breakdown is constant over the time period when the measurement is made. The first assumption is reasonable following the amino acid supplementation and is supported by previous reports. Volpi et al. (24) studied phenylalanine kinetics (utilizing an A-V balance model) during the basal or postabsorptive period and after the oral administration of mixed amino acids. They showed that ingestion of amino acids increased both the plasma concentration of phenylalanine and leg muscle phenylalanine inward transport to about the same extent. These observations are consistent with a more detailed assessment of the regulation of in vivo amino acid transport rates that we performed in pigs (17) . The assumption that muscle breakdown is constant over the time of study is probably reasonable as well, since the shifts in rates of protein synthesis and breakdown are not as rapid as the shifts in amino acid transport, and the time between sample collection is reasonably short (55 min). In addition, if a large dose of phenylalanine inhibited muscle protein breakdown, it would equally affect FBR measured by both phenylalanine and threonine tracers, so it does not affect the comparison or validation. And we also did not detect any differences between the FBR values measured using both tracers when low and high doses of unlabeled phenylalanine were used. For example, the FBRs calculated using phenylalanine tracer and the modified formula were 0.14 vs. 0.13%/h, when 30 and 50 mg/kg of unlabeled phenylalanine, respectively, were given (by Student's t-test, 2-tailed paired analysis, P ϭ 0.95). No assumption is required regarding the rate that unlabeled and labeled amino acids are transported out of muscle (see APPENDIX for details).
In the present study, threonine was used as an independent amino acid tracer to evaluate the validity of the phenylalanine tracer in determining muscle protein FBR. Phenylalanine and threonine are not metabolized to any substantial extent in the muscle (5, 9, 11, 18, 22) , but they are incorporated into muscle protein at different amounts due to the composition of muscle protein (8); thus we used a higher dose of threonine, which resulted in higher values of threonine enrichment (Table 6 ). However, the relative A-V kinetics (e.g., ratio of phenylalanine NB to threonine NB) should remain constant over time irrespective of any changes in the absolute amounts of phenylalanine and threonine retained in muscle proteins. This allows prediction of the phenylalanine kinetics on the basis of the threonine kinetics when measured during a steady state in the free threonine concentrations and irrespective of any changes in free phenylalanine concentrations at the same time. Our current results, which demonstrate similar results obtained using phenylalanine and threonine tracers and the modified approach, support the validity of using threonine as an independent "control" tracer.
The averaged FBR value calculated by the traditional approach using phenylalanine tracer was about 61% lower than the one calculated using threonine. In the traditional approach, we assume that the transport doesn't change, which is apparently not correct since one would expect the transport change with the change in concentration. And the current results, obtained using the modified approach, demonstrate the validity of the new approach. Interestingly, the FSR measurement was the same for both tracers, indicating that although the same assumption of steady-state conditions applies for that calculation as for the FBR, violation of this assumption is less important in the case of the calculation of FSR. Additionally, if there are changes in both the precursor enrichment and the total rate of incorporation of amino acids into protein, then the traditional FSR formula will generally not be accurate without modifications (26) . In this study, the precursor enrichment was changing, but the total rate of incorporation of amino acids into protein was likely constant. Stated another way, the amount of phenylalanine given apparently did not stimulate muscle protein synthesis (e.g., FSR calculated using phenylalanine tracer did not differ between the studies conducted using low and high doses, 30 and 50 mg/kg, of unlabeled phenylalanine). The P value was 0.6 when a two-tailed paired Student t-test analysis was performed. Smith et al. (20), but not others (12, 14) , demonstrated that an injection of a flooding dose of phenylalanine increased incorporation of tracer into human skeletal muscle protein. Thus there is still a controversy over whether phenylalanine by itself can stimulate muscle protein synthesis, but in our study, apparently no stimulation occurred (16) . The modified FBR calculation presented here does not require protein synthesis to be constant over the time period of the measurement. If this study is conducted under conditions in which protein synthesis is changing, then the FSR calculation (but not the FBR calculation) will need further correction. Additionally, the current study was conducted using a bolus injection of unlabeled phenylalanine, and thus the effect of a meal has not been validated. This can be a subject of further independent studies in both animal models and humans. We observed an increase in plasma threonine concentration 5 min after injection of tracers and unlabeled phenylalanine. This increase in plasma threonine is unexpected, and we do not have an explanation as to why this happened. However, the formula only accounts for the change in plasma amino acid concentrations between the 5-and 60-min time points, and since the concentration of plasma threonine remained at steady state between these time points, the initial increase in threonine does not affect the calculations.
The model allows the use of only one bolus, not two or three boluses, of different isotopes to conduct the study. If there is a steady state of amino acids, then the decay of enrichment of boluses will be the same regardless of when the bolus was given. Because of this, it is possible to extrapolate the decay of enrichment of one bolus to another. However, in the nonsteady state (e.g., the current design), the decay of the enrichment of the boluses given at different times will be different. Therefore, it is impossible to use the decay curve of one bolus to estimate the decay curve of another bolus given at a different time; consequently, two or three boluses of tracers cannot be used with this non-steady-state method.
In conclusion, the new approach to calculate the muscle protein FBR during physiological non-steady state after amino acid ingestion gives reliable results. This new approach can increase the reliability of the measurement of the response of muscle protein metabolism to anabolic stimuli such as amino acid intake.
APPENDIX
Derivation of FBR formula in the non-steady state. The following is the formula for calculating the FBR of muscle protein:
where EM(t) is the enrichment of intracellular free amino acids, EA(t) is the enrichment of arterial amino acids, CA(t) is the concentration of arterial amino acids, and R(t) is the ratio of bound to free intracellular amino acids at time t. The purpose of this appendix is to derive Eq. A1. We will assume that the intracellular free amino acid pool acts like a single pool and that the intracellular free amino acid pool size [denoted as Q M(t)] is changing at rate Q M = (t). We will assume that the rate at which the intracellular free amino acid pool size is changing is equal to the rate at which unlabeled amino acids enter the intracellular free pool via protein breakdown (denoted as PB) and inward transport (denoted as F M,A) minus the rate that unlabeled amino acids exit the intracellular free pool via protein synthesis (denoted as PS) and outward transport (denoted FV,M), as expressed by the following equation:
We assume here that there is no other source of amino acids. We will define the variable p(t) by the formula
Equation A3 can be rearranged to give
so that Eq. A2 can be written as
We will assume that the tracer enters the intracellular space only from blood. Under most circumstances, the enrichment of bound protein will be a thousandfold lower than the blood enrichment, so this is a reasonable assumption. The rate that tracer enters into the intracellular space at a given time, t, will thus be equal to the rate that tracee is transported into the cell times the tracer/tracee ratio of blood amino acids, i.e., E A(t) ϫ FM,A(t). Likewise, the rate at which the tracer leaves the intracellular space (via both transport and incorporation into protein) at a given time, t, will be equal to the rate at which the tracee leaves the intracellular space times the tracer/tracee ratio of intracellular amino acids, i.e., E M(t) ϫ PS(t) ϩ FV,M(t).
The rate that the intracellular tracer pool size is changing [denoted as q M = (t)] will be equal to the rate that the tracer enters the intracellular pool minus the rate that the tracer leaves the intracellular pool, i.e., q M (t) ϭ E A (t) ϫ F M,A Ϫ E M (t) ϫ (PS(t) ϩ F V,M (t)) (A7) Now, since the intracellular enrichment is by definition equal to the ratio of the tracer/tracee intracellular pool sizes [i.e., E M(t) ϭ qM(t)/ QM], we can conclude that q M (t) ϭ E M (t) ϫ Q M (t) ( A8)
Differentiating both sides of Eq. A8 with respect to time gives q M (t) ϭ E M (t) ϫ Q M (t) ϩ E M (t) ϫ Q M (t)
So combining Eqs. A7 and A9 gives
If we substitute Eqs. A4 and A6 into Eq. A10, then E M (t) ϫ Q M (t) ϩ E M (t) ϫ Q M (t) ϭ E A (t) ϫ p(t) ϫ PB(t) Ϫ E M (t)
If we subtract E M(t) ϫ Q M (t) from both sides of the above equation and then divide both sides of Eq. A11 by QM(t), we get E M (t) ϭ E A (t) ϫ p(t) ϫ PB(t) ⁄ Q M (t) Ϫ E M (t) ϫ (1 ϩ p(t)) ϫ PB(t) ⁄ Q M (t)
To proceed further, we will assume that protein breakdown is constant and that the inward transport is proportional to the arterial concentration [denoted as C A(t)]. Since by definition p(t) ϭ FM,A (t)/PB(t), p(t) must be proportional to the arterial concentration, so we will define the proportionality constant (denoted as b) to satisfy the relationship:
Therefore, Eq. A12 can be written as
If we integrate both sides of Eq. A14 from time t1 to time t2, we get
(1 ϩ b ϫ C A (t)) ϫ E M (t) ⁄ Q M (t)dt (A15) which can be rearranged to get
The above equation applies for any two time points, so it also applies for time points t2 and t3:
If we solve Eq. A17 for b, we obtain
If we substitute Eq. A18 into Eq. A16, we get 
